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1
ELECTROMAGNETIC WAVE
MEASUREMENT DEVICE, MEASUREMENT
METHOD, AND RECORDING MEDIUM

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a measurement of a speci-
men having a layered structure without destroying the layers
using an electromagnetic wave (the frequency of which is
between 0.01 [THz] and 100 [THz]) (such as a terahertz wave
(the frequency of which is between 0.03 [THz] and 10 [ THz]),
for example).

2. Related Art

There is a known technique of irradiating a specimen hav-
ing a layered structure with a terahertz wave and detecting
reflected terahertz waves reflected by respective layers in
order to test the specimen by means of non-destructive test
(refer to Abstract of JP 2012-237657 A, for example).

SUMMARY OF THE INVENTION

However, a wave reflected by an interface between layers
may not be measured. For example, if refractive indices of the
respective neighboring layers are almost equal to each other,
the reflected wave by the boundary surface between the layers
may not be measured. Moreover, if the lowest layer of the
specimen is placed on a metal surface, a reflected wave by the
metal surface becomes strong. Therefore, a reflected wave by
aboundary surface between layers close to the lowest layer of
the specimen may not be distinguished from the reflected
wave by the metal surface. Thus, the reflected wave by the
boundary surface may not be measured. In this case, the
conventional technique cannot test a specimen.

It is therefore an object of the present invention to measure
an object to be measured having a layered structure by irra-
diating an electromagnetic wave on the object to be measured
without measuring the reflected wave by a boundary surface
between layers.

According to the present invention, an electromagnetic
wave measurement device includes: an electromagnetic wave
output device that outputs an electromagnetic wave having a
frequency between 0.01 [THz| and 100 [THz] toward an
objectto be measured disposed on a substrate and including at
least two layers; an electromagnetic wave detector that
detects a substrate-surface-reflected electromagnetic wave
which has been made incident to the object to be measured,
has been reflected by the substrate, and has passed through the
object to be measured; a frequency component acquisition
unit that acquires an amplitude of a frequency component of
the substrate-surface-reflected electromagnetic ~ wave
detected by the electromagnetic wave detector; a thickness/
amplitude characteristic recording unit that records a rela-
tionship between a thickness indication quantity representing
athickness of at least any one of the layers of the object to be
measured, and the amplitude of the frequency component of
the substrate-surface-reflected electromagnetic wave; and a
thickness indication quantity deriving unit that derives a
thickness indication quantity based on the amplitude of the
frequency component of the substrate-surface-reflected elec-
tromagnetic wave acquired by the frequency component
acquisition unit and the recorded content of the thickness/
amplitude characteristic recording unit.

According to the thus constructed electromagnetic wave
measurement device, an electromagnetic wave output device
outputs an electromagnetic wave having a frequency between
0.01 [THz] and 100 [THz] toward an object to be measured
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disposed on a substrate and including at least two layers. An
electromagnetic wave detector detects a substrate-surface-
reflected electromagnetic wave which has been made incident
to the object to be measured, has been reflected by the sub-
strate, and has passed through the object to be measured. A
frequency component acquisition unit acquires an amplitude
of a frequency component of the substrate-surface-reflected
electromagnetic wave detected by the electromagnetic wave
detector. A thickness/amplitude characteristic recording unit
records a relationship between a thickness indication quantity
representing a thickness of at least any one of the layers of the
object to be measured, and the amplitude of the frequency
component of the substrate-surface-reflected electromag-
netic wave. A thickness indication quantity deriving unit
derives a thickness indication quantity based on the amplitude
of'the frequency component of the substrate-surface-reflected
electromagnetic wave acquired by the frequency component
acquisition unit and the recorded content of the thickness/
amplitude characteristic recording unit.

According to the electromagnetic wave measurement
device of the present invention, the recorded content of the
thickness/amplitude characteristic recording unit may be
derived based on reflection and absorption of the electromag-
netic wave in each of the layers.

According to the electromagnetic wave measurement
device of the present invention, the recorded content of the
thickness/amplitude characteristic recording unit may be esti-
mated from a measured value of the amplitude of the fre-
quency component of the substrate-surface-reflected electro-
magnetic wave associated with the known thickness
indication quantity.

According to the electromagnetic wave measurement
device of the present invention, the thickness indication quan-
tity may be a value acquired by dividing the thickness of any
one of the layers by a thickness of the object to be measured.

According to the electromagnetic wave measurement
device of the present invention, the thickness indication quan-
tity may be a value acquired by dividing the thickness of any
one of the layers by the thickness of another layer.

According to the electromagnetic wave measurement
device of the present invention, the substrate may be a metal
plate.

According to the present invention, the electromagnetic
wave measurement device may include: an error variation
deriving unit that derives, from a measured value of the ampli-
tude of the frequency component of the substrate-surface-
reflected electromagnetic wave associated with the known
thickness indication quantity, a variation of an error between
a thickness indication quantity acquired based on the
recorded content of the thickness/amplitude characteristic
recording unit and the known thickness indication quantity
for each of frequency components; and a frequency range
determination unit that determines a range of the frequency of
the amplitude of the frequency component acquired by the
frequency component acquisition unit based on the derived
result by the error variation deriving unit.

According to the electromagnetic wave measurement
device of the present invention, the electromagnetic wave
detector may further detect a surface-reflected electromag-
netic wave which is an electromagnetic wave that has been
made incident to the object to be measured and has been
reflected by a surface of the object to be measured, the elec-
tromagnetic wave measurement device including: an extreme
value timing acquisition unit that acquires timings when elec-
tric fields of the substrate-surface-reflected electromagnetic
wave and the surface-reflected electromagnetic wave that
have been detected by the electromagnetic wave detector take
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extreme values; a total thickness deriving unit that derives a
thickness of the object to be measured from a time difference
between the timings acquired by the extreme value timing
acquisition unit; and a layer thickness deriving unit that
derives a thickness of at least any one of the layers of the
object to be measured based on the thickness indication quan-
tity derived by the thickness indication quantity deriving unit
and the thickness of the object to be measured derived by the
total thickness deriving unit.

According to the present invention, an electromagnetic
wave measurement method includes: an electromagnetic
wave output step that outputs an electromagnetic wave having
a frequency between 0.01 [THz| and 100 [THz] toward an
objectto be measured disposed on a substrate and including at
least two layers; an electromagnetic wave detection step that
detects a substrate-surface-reflected electromagnetic wave
which has been made incident to the object to be measured,
has been reflected by the substrate, and has passed through the
object to be measured; a frequency component acquisition
step that acquires an amplitude of a frequency component of
the substrate-surface-reflected electromagnetic ~ wave
detected by the electromagnetic wave detection step; a thick-
ness/amplitude characteristic recording step that records a
relationship between a thickness indication quantity repre-
senting a thickness of at least any one of the layers of the
object to be measured, and the amplitude of the frequency
component of the substrate-surface-reflected electromag-
netic wave; and a thickness indication quantity deriving step
that derives a thickness indication quantity based on the
amplitude of the frequency component of the substrate-sur-
face-reflected electromagnetic wave acquired by the fre-
quency component acquisition step and the recorded content
of the thickness/amplitude characteristic recording step.

The present invention is a program of instructions for
execution by a computer to perform a electromagnetic wave
measurement process with using an electromagnetic wave
measurement device including an electromagnetic wave out-
put device that outputs an electromagnetic wave having a
frequency between 0.01 [THz| and 100 [THz] toward an
objectto be measured disposed on a substrate and including at
least two layers, and an electromagnetic wave detector that
detects a substrate-surface-reflected electromagnetic wave
which has been made incident to the object to be measured,
has been reflected by the substrate, and has passed through the
object to be measured, the electromagnetic wave measure-
ment process including: a frequency component acquisition
step that acquires an amplitude of a frequency component of
the substrate-surface-reflected electromagnetic ~ wave
detected by the electromagnetic wave detector; a thickness/
amplitude characteristic recording step that records a rela-
tionship between a thickness indication quantity representing
athickness of at least any one of the layers of the object to be
measured, and the amplitude of the frequency component of
the substrate-surface-reflected electromagnetic wave; and a
thickness indication quantity deriving step that derives a
thickness indication quantity based on the amplitude of the
frequency component of the substrate-surface-reflected elec-
tromagnetic wave acquired by the frequency component
acquisition step and the recorded content of the thickness/
amplitude characteristic recording step.

The present invention is a computer-readable medium hav-
ing a program of instructions for execution by a computer to
perform a electromagnetic wave measurement process with
using an electromagnetic wave measurement device includ-
ing an electromagnetic wave output device that outputs an
electromagnetic wave having a frequency between 0.01
[THz] and 100 [THz] toward an object to be measured dis-
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4

posed on a substrate and including at least two layers, and an
electromagnetic wave detector that detects a substrate-sur-
face-reflected electromagnetic wave which has been made
incident to the objectto be measured, has been reflected by the
substrate, and has passed through the object to be measured,
the electromagnetic wave measurement process including: a
frequency component acquisition step that acquires an ampli-
tude of a frequency component of the substrate-surface-re-
flected electromagnetic wave detected by the electromagnetic
wave detector; a thickness/amplitude characteristic recording
step that records a relationship between a thickness indication
quantity representing a thickness of at least any one of the
layers of the object to be measured, and the amplitude of the
frequency component of the substrate-surface-reflected elec-
tromagnetic wave; and a thickness indication quantity deriv-
ing step that derives a thickness indication quantity based on
the amplitude of the frequency component of the substrate-
surface-reflected electromagnetic wave acquired by the fre-
quency component acquisition step and the recorded content
of the thickness/amplitude characteristic recording step.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a diagram showing a configuration of an electro-
magnetic wave measurement device 100 according to an
embodiment of the present invention;

FIG. 2 includes a diagram (refer to FIG. 2(a)) showing an
electromagnetic wave reflected by an object to be measured 1
having a two-layer structure and a substrate 20, and a diagram
(refer to FIG. 2(b)) showing a temporal waveform of the
reflected electromagnetic waves;

FIG. 3 is a functional block diagram showing a configura-
tion of the layer analysis device 10 according the first embodi-
ment;

FIG. 4 includes diagrams describing the acquisition of the
amplitudes of the frequency components of the terahertz
wave to be made incident to the object to be measured 1 by the
electromagnetic wave output device 2, and shows an optical
path of a totally reflected terahertz wave (refer to FIG. 4(a)),
and a temporal waveform of the totally reflected terahertz
wave (refer to FIG. 4(b));

FIG. 5 includes a diagram showing an optical paths when a
terahertz wave to be made incident to the object to be mea-
sured 1 by the electromagnetic wave output device 2 is made
incident to the layer 1a orthe layer 15 (referto FIG. 5(a)), and
a diagram of a temporal waveform of reflected terahertz
waves (refer to FIG. 5(b));

FIG. 6 is a diagram showing a recorded content of the
quantitative model recording unit 12d for a certain frequency
(such as £, [THz]);

FIG. 7 is a chart for describing the derivation of the film
thickness ratio r by the film thickness ration deriving unit
(thickness indication amount deriving unit) 12f;

FIG. 8 is a diagram showing the derivation method for the
quantitative model according to a variation of the first
embodiment;

FIG. 9 is a functional block diagram showing a configura-
tion of the layer analysis device 10 according the second
embodiment;

FIG. 10 describe a method of deriving the variation in error
by the error variation deriving unit 12g for the component of
the frequency f, [THz];

FIG. 11 includes a diagram (refer to FIG. 11(a)) showing
the electromagnetic wave reflected by the object to be mea-
sured 1 having the two-layer structure according the third
embodiment and the substrate 20, and a diagram (refer to FIG.
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11(b)) showing timings when temporal waveforms of the
reflected electromagnetic waves take extreme values; and

FIG. 12 is a functional block diagram showing a configu-
ration of the layer analysis device 10 according the third
embodiment.

DETAILED DESCRIPTION OF THE INVENTION

A description will now be given of embodiments of the
present invention referring to the drawings.

First Embodiment

FIG. 1 is a diagram showing a configuration of an electro-
magnetic wave measurement device 100 according to an
embodiment of the present invention. FIG. 2 includes a dia-
gram (refer to FIG. 2(a)) showing an electromagnetic wave
reflected by an object to be measured 1 having a two-layer
structure and a substrate 20, and a diagram (refer to FIG. 2(5))
showing a temporal waveform of the reflected electromag-
netic waves.

The electromagnetic measurement device 100 according to
the embodiment of the present invention includes an electro-
magnetic wave output device 2, an electromagnetic wave
detector 4, and a layer analysis device 10. The electromag-
netic wave measurement device 100 is used for measuring the
object to be measured 1.

The object to be measured 1 includes a layer 1a and a layer
15 referring to FIG. 2(a). The layer 1a is above the layer 15.
It should be noted that the object to be measured 1is placed on
the substrate 20, and the layer 15 is in contact with the sub-
strate 20. For example, the substrate 20 is a metal plate (the
material is aluminum, for example), and a flat surface of the
metal plate is in contact with the layer 156. The flat surface of
the metal plate serves as a flat surface mirror. The substrate 20
only needs to be a substrate having a known complex refrac-
tive index, and is preferably high in reflectance of an interface
between the substrate 20 and the layer 15.

Although the object to be measured 1 has two layers
according to the embodiment of the present invention, the
object to be measured 1 may have three or more layers.

The electromagnetic wave output device 2 outputs an elec-
tromagnetic wave having a frequency between 0.01 [THz]
and 100 [THz] toward the object to be measured 1. The
frequency of the electromagnetic wave output toward the
object to be measured 1 includes a terahertz wave band (such
as between 0.03 [THz] and 10 [THz]). According to all
embodiments of the present invention, it is assumed that a
terahertz wave is employed as an example of the electromag-
netic wave.

Referring to FIG. 2(a), the terahertz wave output toward
the object to be measured 1, travels in the air (refractive
index=1), and is made incident to the object to be measured 1.
A part of the terahertz wave passes through the layer 1a,
enters the layer 15, is reflected by the substrate 20, passes
through the layer 15, further passes through the layer 1la
(passes through the object to be measured 1), and is emitted
from the object to be measured 1 toward the outside. In other
words, the terahertz wave is made incident to the object to be
measured 1, is reflected by the substrate 20, and passes
through the object to be measured 1. The electromagnetic
wave (such as a terahertz wave) which has passed through the
object to be measured 1 in this way is referred to as substrate-
surface-reflected electromagnetic wave.

The electromagnetic wave detector 4 detects the substrate-
surface-reflected electromagnetic wave. It should be noted
that electromagnetic waves reflected by surfaces other than
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the substrate 20 (such as a terahertz wave reflected by a
surface of the layer 1a (referred to as surface-reflected elec-
tromagnetic wave)) in addition to the substrate-surface-re-
flected electromagnetic wave enter the electromagnetic wave
detector 4.

However, referring to FIG. 2(b), the surface-reflected elec-
tromagnetic wave reaches the electromagnetic wave detector
4 carlier than the substrate-surface-reflected electromagnetic
wave. As a result, the surface-reflected electromagnetic wave
and the substrate-surface-reflected electromagnetic wave can
be distinguished from each other. In other words, the electro-
magnetic wave which has reached later out of the reflected
electromagnetic waves is the substrate-surface-reflected elec-
tromagnetic wave.

An electromagnetic wave reflected by a boundary surface
between the layers 1a and 15 does not need to be measured,
and is not specifically considered to be as a subject to detec-
tion (may basically be undetectable).

The electromagnetic wave detector 4 outputs a correspon-
dence between the substrate-surface-reflected electromag-
netic wave and the time (namely temporal waveform). The
electromagnetic wave detector 4 detects the substrate-sur-
face-reflected electromagnetic wave as a voltage (or power),
for example. A description will be given while it is assumed
that the electromagnetic wave detector 4 detects the substrate-
surface-reflected electromagnetic wave as a voltage accord-
ing to the embodiment of the present invention.

FIG. 3 is a functional block diagram showing a configura-
tion of the layer analysis device 10 according the first embodi-
ment. The layer analysis device 10 includes a single-layer-
film characteristic recording unit 12a, a measurement
condition input unit 125, a quantitative model deriving unit
12¢, a quantitative model recording unit (thickness/amplitude
characteristic recording unit) 12d, a frequency component
acquisition unit 12e, and a film thickness ratio deriving unit
(thickness indication quantity deriving unit) 12/

The single-layer-film characteristic recording unit 12a
records characteristics relating to the reflection and absorp-
tion of the terahertz wave of the layers 1la and 1b4. For
example, the single-layer-film characteristic recording unit
124 records an absorption coefficient, a surface reflectance,
and an interface reflectance of the terahertz wave on the layers
la and 15.

The recorded content of the single-layer-film characteristic
recording unit 12a can be generated by an arbitrary measure-
ment device carrying out the following measurement.

First, the electromagnetic wave output device 2 acquires an
amplitude of a frequency component of a terahertz wave to be
made incident to the object to be measured 1.

FIG. 4 includes diagrams describing the acquisition of the
amplitudes of the frequency components of the terahertz
wave to be made incident to the object to be measured 1 by the
electromagnetic wave output device 2, and shows an optical
path of a totally reflected terahertz wave (refer to FIG. 4(a)),
and a temporal waveform of the totally reflected terahertz
wave (refer to FIG. 4(5)).

First, if the terahertz wave traveling in the air (refractive
index=1) is made incident to a flat surface mirror at an arbi-
trary incident angle of bin as shown in FIG. 4(a), the terahertz
wave is totally reflected. The totally reflected terahertz wave
is detected as a voltage, for example, resulting in acquisition
of a temporal waveform of the terahertz wave. Then, the
temporal waveform of the totally reflected terahertz wave is
acquired as shown in FIG. 4(b). Amplitudes of frequency
components are acquired by applying the FFT (fast Fourier
transform) to the terahertz wave represented by the temporal
waveform. In other words, the totally reflected terahertz wave
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is expressed as a sum of frequency components A, sin
(2nf'nt+0,) by means of the FFT, and the amplitude A, is
acquired for each frequency fn. It should be noted that nis an
integer taking all values between 0 and N, N is a positive
integer, fis a predetermined frequency [Hz], and 6,, is a phase
of'the frequency component. The amplitude of the frequency
component of the totally reflected terahertz wave is repre-
sented as I,

For example, if fis 0.1 [THz]| and N is 30, the totally
reflected terahertz wave is represented as a sum of a compo-
nent of a frequency 0 THz, a component of a frequency 0.1
THz, a component of a frequency 0.2 THz, . . . , a component
of'a frequency 2.9 THz, and a component of a frequency 3.0
THz, and amplitudes 1. (0 THz), 1, (0.1 THz), I,
(02 THz), . . ., 1,,,(2.9 THz), and 1, (3.0 THz) for the
respective frequency components.

The amplitude [, is acquired for the each frequency com-
ponent, and is thus a function of the frequency. The frequency
is described as an argument of the amplitude [, -in the above-
mentioned example. However, the frequency is omitted as the
argument of the amplitude I, -hereinafter.

FIG. 5 includes a diagram showing an optical paths when a
terahertz wave to be made incident to the object to be mea-
sured 1 by the electromagnetic wave output device 2 is made
incident to the layer 1a or the layer 15 (refer to FIG. 5(a)), and
a diagram of a temporal waveform of reflected terahertz
waves (refer to FIG. 5(b)).

On this occasion, the terahertz wave to be made incident to
the object to be measured 1 by the electromagnetic wave
output device 2 is caused to travel in the air (refractive
index=1), and to actually be made incident to the layer 1a. It
should be noted that the layer 1a is placed on the substrate 20.
On this occasion, an amplitude I, , of a frequency compo-
nent of the terahertz wave reflected by a surface of the layer 1a
(surface-reflected component), and an amplitude I, , of the
frequency component of the terahertz wave reflected by an
interface between the layer 1a and the substrate 20 (substrate-
surface-reflected component) are measured.

Further, the terahertz wave to be made incident to the object
to be measured 1 by the electromagnetic wave output device
2 is caused to travel in the air (refractive index=1), and to
actually be made incident to the layer 15. It should be noted
that the layer 15 is placed on the substrate 20. On this occa-
sion, an amplitude I, , of the frequency component of the
terahertz wave (surface-reflected component) reflected by a
surface of the layer 15, and an amplitude 1, , of the fre-
quency component of the terahertz wave (substrate-surface-
reflected component) reflected by an interface between the
layer 15 and the substrate 20 are measured.

It should be noted that the same terahertz wave as the
terahertz wave totally reflected in FIG. 4 is made incident to
the layer 1a or the layer 15 in FIG. 5.

Referring to FIG. 5(a), if the terahertz wave is made inci-
dent to the layer 1a (or layer 15), the component reflected by
the surface of the layer 1a (surface-reflected component), and
the component reflected by the interface between the layer 1a
and the substrate 20 (substrate-surface-reflected component)
are acquired. The surface-reflected component and the sub-
strate-surface-reflected component are acquired as voltages,
thereby acquiring temporal waveform thereof. Then, the tem-
poral waveform of the surface-reflected component and the
substrate-surface-reflected component are acquired as shown
in FIG. 5(b).

Referring to FIG. 5(b), the surface-reflected component is
detected earlier than the substrate-surface-reflected compo-
nent. As a result, the surface-reflected component and the
substrate-surface-reflected component can be distinguished
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from each other. In other words, out of the reflected compo-
nents, the component arriving earlier is the surface-reflected
component, and the component arriving later is the substrate-
surface-reflected component.

The FFT (fast Fourier transform) is applied to the terahertz
wave represented as the temporal wave of the surface-re-
flected component by the layer 1a (layer 15), thereby acquir-
ing amplitudes 1, , (I,,,,.,) of frequency components of the
surface-reflected component by the layer 1a (layer 15). The
amplitude of the frequency component is described as the
description given of the I, . The description of frequency is
omitted for the argument of the amplitude I, , (I, ,) of the
frequency component of the surface-reflected component as
for the description for the [ .

The FFT (fast Fourier transform) is applied to the terahertz
wave represented as the temporal wave of the substrate-sur-
face-reflected component by the layer 1a (layer 15), thereby
acquiring amplitudes 1., , (1,,..,.,) of frequency components
of the substrate-surface-reflected component by the layer 1a
(layer 15). The amplitude of the frequency component is the
same as described for the I, . The frequency is omitted for the
argument of the amplitude 1, , (1,,..,) of the frequency
component of the surface-reflected component as the notation
for the I,

An absorption coefficient o, of the terahertz wave and a
surface reflectance R, , of the terahertz wave in the layer 1a
recorded by the single-layer-film characteristic recording unit
124 are as follows. It should be noted that, referring to FIG.
5(a), a refraction angle {3, can be derived from the incident
angle f3,,,, and a refractive index n, (n,) of the layer 1a (layer
1) according to the Snell’s law. It should be noted that the
incident angle f3,,,, and the refractive index n,, (n,) of the layer
1a (layer 1b) are known, and the refractive indices n, and n,
are recorded in the single-layer-film characteristic recording
unit 12a. Moreover, the thickness of the layer 1a is d,,.

A, (cos B/2d )xIN(L,,er /L)

Rora=lr-olrer M

An absorption coefficient a, of the terahertz wave and a
surface reflectance R, , of the terahertz wave in the layer 16
recorded by the single-layer-film characteristic recording unit
124 are as follows. Moreover, the thickness of the layer 15 is
d,.

az=—(cos B/2dp)xIn(L,,....s/ 1,0

Rsur—b:Isur—I/Iref (2)

The interface reflectance R, recorded by the single-layer-
film characteristic recording unit 12« is a reflectance of the
boundary surface between the layer 1a and the layer 15 when
the layers 1a and 15 are overlapped, and is represented as
follows. It is assumed that a complex refractive index n,+jk,
of the layer 1a and a complex refractive index n;+jk; of the
layer 15 are known. It should be noted that n, and n; are
respectively the same as the refractive indices n, and n, of the
layers 1a and 15.

Ry, ~{ =13+ (k3 P Y { (ym3)*+(r=he3 )} 3

The single-layer-film characteristic recording unit 12a
records the absorption coefficients o, and a,, the surface
reflectance R,,, , and R, ,, and the interface reflectance
R,,,, for example.

Further, the single-layer-film characteristic recording unit
12a records a reflectance R, (substrate reflectance) of a
boundary surface between the layer 15 and the substrate 20,

for example. The substrate reflectance R, is represented as
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follows. It is assumed that a complex refractive index of the
substrate n,+jk, of the substrate 20 is known.

Rp={(n3=10)*+(ez=k " Y{ (r3my P+ Ges e} (©)]

It should be noted that variables relating to the layers 1a
and 15 are defined in the following table.

LAYER la LAYER 1b
THICKNESS d, dp
ABSORPTION o, ay
COEFFICIENT
SURFACE Rovra Rews
REFLECTANCE
REFRACTIVE INDEX n,(=n,) n,(=n3)
COMPLEX n, + jk; 03 +jks
REFRACTIVE INDEX

The measurement condition input unit 125 serves to input
amplitudes I, ., of frequency components, and an incident
angle f3,,,_,, for the terahertz wave to be made incident to the
object to be measured 1, an arrangement of the layers in the
object to be measured 1 (the layer 1a is on the layer 15), and
a thickness d of the object to be measured 1 (a sum of the
thicknesses d, and d,, of the layers 1a and 15) into the layer
analysis device 10. This input is carried out by a user of the
electromagnetic wave measurement device 100, for example.

The amplitude 1,,.,, and the incident angle £, ,, of the
frequency component of the terahertz wave to be made inci-
dent by the electromagnetic wave output device 2 to the object
to be measured 1 can be the same values as the amplitude [,
and the incident angle §3,,, of the frequency component of the
terahertz wave used to generate the recorded content of the
single-layer-film characteristic recording unit 12a. Hereinaf-
ter, it is assumed that the amplitude I,..,, and the incident
angle B, ,,, are the same values as the amplitude [, -and the
incident angle f3,,,, and are denoted by I, -and f3,,,.

The quantitative model deriving unit 12¢ derives a relation-
ship (quantitative model) between a thickness indication
quantity representing the thickness of at least any one of the
layers (at least any one of the layers 1a and 15) of the object
to be measured 1, and the amplitude of the frequency com-
ponent of the substrate-surface-reflected electromagnetic
wave (refer to FIG. 2).

The quantitative model recording unit (thickness/ampli-
tude characteristic recording unit) 124 records the relation-
ship (quantitative model) derived by the quantitative model
deriving unit 12c.

The thickness indication quantity is a value acquired by
dividing the thickness of any one of the layers (such as the
layer 1a) by the thickness of the object to be measured 1
(namely, the sum of the thicknesses of the layers 1a and 15),
for example. Moreover, the thickness indication quantity is a
value acquired by dividing the thickness of any one of the
layers (such as the layer 1a) by the thickness ofthe other layer
(such as the layer 15), for example.

A description will now be given of the embodiment of the
present invention while it is assumed that a value (referred to
as film thickness ratio) acquired by dividing the thickness d,
of'the layer 1a by the thickness d of the object to be measured
1 (namely, the sum of the thickness d,, of the layer 1a and the
thickness d, ofthe layer 15) is used as the thickness indication
quantity hereinafter.

FIG. 6 is a diagram showing a recorded content of the
quantitative model recording unit 124 for a certain frequency
(such as £, [THz]). The quantitative model recording unit 124
records the correspondence between the film thickness ratio r
(=d,/d) and the amplitude I,,,,., of the frequency component of
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the substrate-surface-reflected electromagnetic wave for each
frequency. The quantitative model estimates the amplitude
1,,.; of the frequency component of the substrate-surface-
reflected electromagnetic wave by the recorded content of the
single film characteristic recording unit 12a and the input by
the measurement condition input unit 125. It should be noted
that the quantitative model is derived and recorded for each of
frequencies (such as f,=1.0, 1.1, and 1.2 [THz]). The quanti-
tative model only needs to present the correspondence, and a
chart, a table, and an equation are conceivable.

The amplitude I,,, of the frequency component of the
substrate-surface-reflected electromagnetic wave is repre-
sented as follows. It should be noted that, referring to FIG.
2(a), the refraction angle (3, is a refraction angle for the refrac-
tion by the layer 1a, and a refraction angle {3, is a refraction
angle for the refraction by the layer 15.

Dner = Drep X (1= Ry Vo X (1= Rip)? X R X exp(=20radly feospyx )

(=2apdy [cospyy)

=Lsx(1-R

sur-a

)2 X (1 = Ripe)? X R X exp(—20,dr [ cosfy) x

exp(—2apd(l —r)/cosf)

The surface reflectance R,,,. , means a degree of the reflec-
tion of the terahertz wave by the layer 14, the interface reflec-
tance R,,, means a degree of the reflection of the terahertz
wave by the layer 1a and the layer 15 (interface between the
layers 1a and 15), and the substrate reflectance R, means a
degree of the reflection of the terahertz wave by the substrate
20.

The absorption coefficients c., and a, respectively mean
degrees of the absorption of the terahertz wave by the layers
la and 15.

The quantitative models to be recorded in the quantitative
model recording unit (thickness/amplitude characteristic
recording unit) 12d are derived based on the reflection and the
absorption of the terahertz wave (electromagnetic wave) in
the respective layers in this way.

The quantitative model deriving unit 12¢ uses the surface
reflectance R, ,) the interface reflectance R,,,,, the substrate
reflectance R, and the absorption coefficients o, and «,
recorded in the single layer characteristic recording unit 12a
out of the parameters required for estimating the amplitude
1,,., of the frequency component of the substrate-surface-
reflected electromagnetic wave. Moreover, the quantitative
model deriving unit 12¢ uses the amplitude I,_.and the thick-
ness d of the object to be measured 1 input from the measure-
ment condition input unit 1254. Further, the refraction angle f3,
and f,, are derived from the incident angle [, and the
arrangement of the layers (the layer 1a is on the layer 15)
input by the measurement condition input unit 125, and the
refractive indices n, and n, of the layers 1a and 156 recorded in
the single film characteristic recording unit 12a according to
the Snell’s law by the quantitative model deriving unit 12¢.

The frequency component acquisition unit 12e acquires the
amplitudes of the frequency components of the substrate-
surface-reflected electromagnetic wave (refer to FIG. 2)
acquired by the electromagnetic wave output device 2 making
the terahertz wave incident to the object to be measured 1
(amplitude of each of the frequency components is I, ), and
the electromagnetic wave detector 4 detecting the terahertz
wave. First, the frequency component acquisition unit 12e
acquires the temporal waveform of the substrate-surface-re-
flected electromagnetic wave (detected as the voltage, for
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example) from the electromagnetic wave detector 4, and then
applies the FFT (fast Fourier transform) to the temporal wave-
form, thereby acquiring the amplitudes 1,,,, of the frequency
components. The amplitude of the frequency component is
described as the description given of the I, » The frequency is
omitted for the argument of the amplitude I, of the fre-
quency component of the surface-reflected electromagnetic
wave as the notation for the I, The amplitude I, is an
actually measured value.

The film thickness ratio deriving unit (thickness indication
quantity deriving unit) 12f derives the thickness indication
quantity (film thickness ratio r (=d /d)) based on the ampli-
tudel,, , of the frequency component of the substrate-surface-
reflected electromagnetic wave acquired by the frequency
component acquisition unit 12e and the quantitative model
(refer to FIG. 6), which is the recorded content of the quan-
titative model recording unit (thickness/amplitude character-
istic recording unit) 12d.

FIG. 7 is a chart for describing the derivation of the film
thickness ratio r by the film thickness ration deriving unit
(thickness indication amount deriving unit) 12f. It is assumed
that the quantitative model is a chart in FIG. 7.

Referring to FIG. 7, a coordinate on a horizontal axis of a
point having the amplitude 1., (actually measured value)
(refer to (1) in FIG. 7) of the frequency component of the
substrate-surface-reflected electromagnetic wave acquired
by the frequency component acquisition unit 12¢ as a coor-
dinate on a vertical axis on the chart of the quantitative model
is the thickness ratio ry (refer to (2) in FIG. 7).

The film thickness ratio r is acquired for each of frequen-
cies (suchasf,=1.0, 1.1, and 1.2 [THz]) from the quantitative
model in this way.

For example, it is conceivable that an average of a film
thickness ratio ry acquired from a quantitative model and an
amplitude I, (actually measured value) for the frequency
1.0 THz, a film thickness ratio ry-acquired from a quantitative
model and an amplitude I,,,_, (actually measured value) for the
frequency 1.1 THz, and a film thickness ratio ry-acquired from
aquantitative model and an amplitude I, (actually measured
value) for the frequency 1.2 THz is output as the film thick-
ness ratio r of the object to be measured 1 from the film
thickness ratio deriving unit 12f.

A description will now be given of an operation of the first
embodiment.

(1) Derivation and Record of Quantitative Models

The electromagnetic wave measurement device 100
according to the first embodiment causes the quantitative
model deriving unit 12¢ to derive the relationship (quantita-
tive models) between the thickness indication quantity (film
thickness ratio r (=d,/d) and the amplitude I, of the fre-
quency component of the substrate-surface-reflected electro-
magnetic wave (refer to FIG. 2) for each of the frequencies f,
[ THz] before the measurement of the object to be measured 1,
and stores the relationships in the quantitative model record-
ing unit 124 (refer to FIG. 6).

First, the electromagnetic wave measurement device 100
measures the incident terahertz wave (refer to FIG. 4), and
derives the amplitudes I,,. Then, the electromagnetic wave
measurement device 100 measures the layers 1a and 15 (refer
to FIG. 5), thereby deriving the amplitudes I, , (I,,,.,) of the
frequency components of the surface-reflected component by
the layers 1a and 15, and derives amplitudes [,,,., , (1,.....,) of
the frequency components of the substrate-surface-reflected
component. The electromagnetic wave measurement device
100 derives the absorption coefficients c, (c.,) and the surface
reflectances R,,,, , (R,,,..,) inthe layer 1a (layer 15) based on
the derived results (refer to Equations (1) and (2)), and
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records the absorption coefficients o, (t,) and the surface
reflectances R, , (R,,,.,) in the single-layer-film character-
istic recording unit 12a. In addition, as described above (refer
to Equations (3) and (4)), the interface reflectances R, , and
the substrate reflectances R, are acquired and recorded.

Then, the measurement condition input unit 125 inputs the
amplitudes [, -of the frequency components and the incident
angle f3,,, for the terahertz wave to be made incident to the
object to be measured 1, the arrangement of the layers in the
object to be measured 1 (the layer 1a is on the layer 15), and
the thickness d of the object to be measured 1 (the sum of the
thicknesses d, and d,, of the layers 1a and 15).

The quantitative model deriving unit 12¢ derives the rela-
tionship between the thickness indication quantity (film
thickness ration r (=d,/d)) and the amplitude I, of the fre-
quency component of the substrate-surface-reflected electro-
magnetic wave (refer to FIG. 2) for the each frequency f,
[THz] based on the recorded content of the single-layer-film
characteristic recording unit 12¢ and the input from the mea-
surement condition input unit 125 as described above (refer to
Equation (5)). The derived quantitative models are recorded
in the quantitative model recording unit 124 (refer to FIG. 6).
(2) Measurement of Film Thickness Ratio r of the Objectto be
Measured 1

Then, the electromagnetic wave measurement device 100
according to the first embodiment measures the object to be
measured 1, thereby deriving the film thickness ratio r,-of the
object to be measured 1 while referring to the quantitative
models recorded in the quantitative model recording unit 124.

First, referring to FIG. 2(a), the electromagnetic wave out-
put device 2 outputs the terahertz wave toward the object to be
measured 1. A part of the incident terahertz wave is reflected
by the substrate 20, and passes through the object to be
measured 1 (substrate-surface-reflected electromagnetic
wave). The substrate-surface-reflected electromagnetic wave
reaches the electromagnetic wave detector 4 later than the
terahertz wave reflected by the surface of the layer 1a (sur-
face-reflected electromagnetic wave) (refer to FIG. 2(b)).
Therefore, the electromagnetic wave detector 4 distinguishes
the substrate-surface-reflected electromagnetic wave and the
surface-reflected electromagnetic wave from each other. Fur-
ther, the electromagnetic wave detector 4 detects the sub-
strate-surface-reflected electromagnetic wave as the voltage,
and provides the frequency component acquisition unit 12e of
the layer analysis device 10 with the correspondence with the
time.

The frequency component acquisition unit 12e acquires the
amplitudes I, (actually measured values) of the frequency
components of the substrate-surface-reflected electromag-
netic wave (refer to FIG. 2).

Referring to FIG. 7, the film thickness ratio deriving unit
12f receives the amplitude 1., (actually measured value)
from the frequency component acquisition unit 12e (refer to
(1) in FIG. 7), reads an coordinate of the horizontal axis of the
point in the chart of the quantitative model having the ampli-
tude I, (actually measured value) as a coordinate of the
vertical axis from the quantitative model recoding unit 124,
and sets the read coordinate as the film thickness ratio ry(refer
to (2)in FIG. 7). The film thickness ratio r,is derived for each
of'the frequencies (such as f,=1.0, 1.1, and 1.2 [THz]). Then,
for example, the film thickness ratio ry;, of the object to be
measured 1 is derived by averaging the film thickness ratios
Ivp, derived for the respective frequencies, for example.

According to the first embodiment, while the terahertz
wave is irradiated on the object to be measured 1 having the
layer structure (layers 1a and 15), the film thickness ratio ry,,
of'the object to be measured 1 can be measured by measuring
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the substrate-surface-reflected electromagnetic wave (refer to
FIG. 2) without measuring the reflected wave by the boundary
surface between the layers 1a and 1b. This is particularly
useful for such a case that it is hard or impossible to measure
the reflected wave by the boundary surface between the layers
la and 15.

The relationship (quantitative model) between the thick-
ness indication quantity (film thickness ratio r (=d/d)) and
the amplitude 1, of the frequency component of the sub-
strate-surface-reflected electromagnetic wave (refer to FIG.
2) is derived from the surface reflectances, the absorption
coefficients, and the like according to the first embodiment.
However, the derivation of the quantitative model recorded by
the quantitative model recording unit (thickness/amplitude
characteristic recording unit) 124 is not limited to this
method, and may be derived by actually measuring the object
to be measured 1 having a known film thickness ratio.

FIG. 8 is a diagram showing the derivation method for the
quantitative model according to a variation of the first
embodiment. First, (1) a object to be measured 1 having a
known film thickness ratio is actually measured by the elec-
tromagnetic wave measurement device 100, thereby acquir-
ing the amplitudes I, , (actually measured values) of the
frequency components of the substrate-surface-reflected
electromagnetic wave from the frequency component acqui-
sition unit 12e according to the variation of the first embodi-
ment. Then, (2) a quantitative model is estimated from the
amplitude [,,,, (actually measured value) (acquired by (1)) of
the frequency component of the substrate-surface-reflected
electromagnetic wave associated with a known film thickness
ratio for each of the frequencies (such as £,=1.0, 1.1, and 1.2
[THz]). The estimation of the quantitative model can be
acquired by, for example, assuming a chart representing the
quantitative model as a straight line, and acquiring the line by
means of the regression analysis (such as the least square
method). Moreover, the principal component analysis may be
applied to amplitudes I, (actually measured values) of the
frequency components of the substrate-surface-reflected
electromagnetic wave associated with known thickness ratios
according to necessity.

It should be noted that the single-layer-film characteristic
recording unit 124, the measurement condition input unit 126
and the quantitative model deriving unit 12¢ are not used
according to the variation of the first embodiment.

Second Embodiment

The electromagnetic wave measurement device 100
according to a second embodiment is different from the elec-
tromagnetic wave measurement device 100 according to the
first embodiment in such a point that the layer analysis device
10 includes an error variation deriving unit 12g and a fre-
quency range determination unit 12/, and a range of the
frequency of the amplitudes I,,,., of the frequency components
acquired in the frequency component acquisition unit 12e is
determined.

Such a point that the electromagnetic wave measurement
device 100 includes the electromagnetic wave output device
2, the electromagnetic wave detector 4, and the layer analysis
device 10, and measures the object to be measured 1 is the
same as the first embodiment (refer to FIG. 1). Moreover, the
configuration of the object to be measured 1 (refer to FIG.
2(a)) and such a point that the electromagnetic wave detector
4 detects the substrate-surface-reflected electromagnetic
wave (refer to FIG. 2(b)) are the same as those of the first
embodiment.
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FIG. 9 is a functional block diagram showing a configura-
tion of the layer analysis device 10 according the second
embodiment. The layer analysis device 10 includes the
single-layer-film characteristic recording unit 12a, the mea-
surement condition input unit 1254, the quantitative model
deriving unit 12¢, the quantitative model recording unit
(thickness/amplitude characteristic recording unit) 12d, the
frequency component acquisition unit 12e, the film thickness
ratio deriving unit (thickness indication quantity deriving
unit) 12/, the error variation deriving unit 12g, and the fre-
quency range determination unit 12/. In the following sec-
tion, like components are denoted by like numerals as of the
first embodiment, and will be described in no more details.

The single-layer-film characteristic recording unit 124, the
measurement condition input unit 125, the quantitative model
deriving unit 12¢, and the quantitative model recording unit
(thickness/amplitude characteristic recording unit) 124 are
the same as those of the first embodiment, and a description
thereof is omitted.

The frequency component acquisition unit 12e acquires the
amplitudes I, (actually measured values) of the frequency
components of the substrate-surface-reflected electromag-
netic wave from actually measured results of object to be
measured 1 having known film thickness ratios before a mea-
surement of a object to be measured 1 the film thickness ratio
of which is unknown.

The error variation deriving unit 12g receives the measured
values (actually measured values) of the amplitudes I, , of the
frequency components of the substrate-surface-reflected
electromagnetic wave associated with the known film thick-
ness ratios from the frequency component acquisition unit
12e. Further, the error variation deriving unit 12g derives a
variation of errors between respective thickness ratios
acquired based on the recorded content (quantitative model)
of'the quantitative model recording unit (thickness/amplitude
characteristic recording unit) 124 and the respective known
film thickness ratios for the respective frequencies f, [THz]
from the measured values of the amplitudes I,,,., received
from the frequency component acquisition unit 12e.

FIG. 10 describe a method of deriving the variation in error
by the error variation deriving unit 12g for the component of
the frequency f, [THz].

First, (0) quantitative models are stored in advance in the
quantitative model recording unit (thickness/amplitude char-
acteristic recording unit) 124. On this occasion (1) the error
variation deriving unit 12g acquires amplitudes [, (actually
measured values) of the frequency components of the sub-
strate-surface-reflected electromagnetic wave for known film
thickness ratios from the frequency component acquisition
unit 12e. Further, (2) the error variation deriving unit 12g
acquires the film thickness ratio (estimated value) from the
amplitude 1, (actually measured value) based on the quan-
titative model (in which a coordinate on the horizontal axis of
a point on a chart of the quantitative model having a coordi-
nate on the vertical axis as the amplitude I, (actually mea-
sured value) is the film thickness ratio (estimated value)), and
acquires (film thickness ratio (estimated value))-(known film
thickness ratio (true value)) as the error.

The error variation deriving unit 12g acquires the errors of
the respective amplitudes I,,,, (actually measured values)
acquired for the known film thickness ratios. The amplitudes
1,,.; (actually measured values) are acquired for plots for four
points in the example in FIG. 10, and the errors are acquired
for the four points. The error variation deriving unit 12g
acquires a root mean square of the errors as a variation of the
errors. In other words, the error variation deriving unit 12g
acquires, as the variation of the errors, a square root of an
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average of the squared errors (a value acquired by dividing a
sum of the squared errors of the four points by four in the
example in FIG. 10).

The error variation deriving unit 12g derives the root mean
square of the errors in this way for the respective components
f, [THz] of the frequency. For example, the error variation
deriving unit 12g acquires the root mean squares of the errors
forf,=0,0.1,0.2,...,2.9,3.9 [THz]. As the root mean square
of errors decreases, the estimation of the film thickness ratio
by the quantitative model becomes more accurate.

The frequency range determination unit 12/ determines a
range of the frequency f, [THz] of the amplitudes I, of the
frequency components acquired by the frequency component
acquisition unit 12e based on the derived result by the error
variation deriving unit 12g.

The frequency range determination unit 12/ averages the
derived results by the error variation deriving unit 12g for a
range (such as between 1.0 THzand 1.2 THz, £,=1.0, 1.1, and
1.2 [THz]) of the frequency f, [THz]. For example, the fre-
quency range determination unit 12/ averages the error varia-
tion (root mean square) of the component at the frequency 1.0
[THz], the error variation (root mean square) of the compo-
nent at the frequency 1.1 [THz], and the error variation (root
mean square) of the component at the frequency 1.2 [THz].

In this way, the frequency range determination unit 12/
averages the variations of the errors over the frequency range.
Then, the frequency range determination unit 12/ determines
a range of the frequency f, so that the average of the error
variations is minimized (or equal to or less than a predeter-
mined value).

The range (such as between 1.0 THz and 1.6 THz, £,=1.0,
1.1, 1.2, 1.3, 1.4, 1.5, and 1.6 [THz]) of the frequency f,
determined in this way is fed to the frequency component
acquisition unit 12e. Then, the frequency component acqui-
sition unit 12e acquires amplitudes 1, (actually measured
values) of the frequency components of the substrate-surface-
reflected electromagnetic wave in the determined range of the
frequency f,, from the actually measured result of the objectto
be measured 1 having an unknown film thickness ratio. A
subsequent operation is the same as that of the first embodi-
ment.

A description will now be given of an operation of the
second embodiment.

First “(1) Derivation and record of quantitative model” is
the same as that of the first embodiment, and a description
thereof is therefore omitted.

Then, the frequency component acquisition unit 12e
acquires the amplitudes [,,,, (actually measured values) of the
frequency components of the substrate-surface-reflected
electromagnetic wave from the actually measured result of
the object to be measured 1 having a known film thickness
ratio. The amplitudes I, (actually measured values) are fed
to the error variation deriving unit 12g. The error variation
deriving unit 12g derives errors (referto (2) of FIG. 10) in film
thickness ratio from the quantitative models recorded in the
quantitative model recording unit 124 and the amplitudes I, ,
(actually measured values), and derives the variations (root
mean squares) of the errors for the respective components of
the frequency f, [THz].

The frequency range determination unit 12/ averages the
derived results by the error variation deriving unit 12g in a
certain range of the frequency f, [THz| and determines a
range of the frequency f, [THz] so that the average is mini-
mum (or equal to or less than the predetermined value). The
determined range (such as between 1.0 THz and 1.6 THz,
£=1.0,1.1,1.2,1.3,1.4,1.5, and 1.6 [THz]) of the frequency
f, is fed to the frequency component acquisition unit 12e.
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Then, “(2) Measurement of film thickness ratio r of the
object to be measured 17 is approximately the same as that of
the first embodiment. However, the frequency component
acquisition unit 12e acquires the amplitudes 1., of the fre-
quency components in the range of the frequency £, [THz]
determined by the frequency range determination unit 12/.

According to the second embodiment, the frequency com-
ponent acquisition unit 12e acquires the amplitudes I,,,_, of the
frequency components of the substrate-surface-reflected
electromagnetic wave in the range of the frequency f,, [THz]
so that the variation in error of the estimation of the film
thickness ratio by means of the quantitative models is mini-
mum (or equal to or less than the predetermine value), the film
thickness ratio deriving unit 12f derives the film thickness
ratio of an object to be measured 1 having an unknown film
thickness ratio, and the measurement error in film thickness
ratio by the electromagnetic wave measurement device 100
can be minimum (or equal to or less than a predetermined
value).

Third Embodiment

The electromagnetic wave measurement device 100
according to a third embodiment is different from the elec-
tromagnetic wave measurement device 100 according to the
second embodiment in such a point that the thickness d
(namely the sum of the thickness d, of the layer 1a and the
thickness d, of the layer 15) of the object to be measured 1 is
measured.

Such a point that the electromagnetic wave measurement
device 100 includes the electromagnetic wave output device
2, the electromagnetic wave detector 4, and the layer analysis
device 10, and measures the object to be measured 1 is the
same as that of the first embodiment (refer to FIG. 1). More-
over, the structure (refer to FIG. 2(a)) of the object to be
measured 1 is the same as that of the first embodiment.

However, the third embodiment is different from the first
embodiment in such a point that the electromagnetic wave
detector 4 detects not only the substrate-surface-reflected
electromagnetic wave (refer to FIG. 2(5) but also the surface-
reflected electromagnetic wave. Namely, the electromagnetic
wave detector 4 outputs not only the correspondence between
the substrate-surface-reflected electromagnetic wave and the
time (namely temporal waveform) as well as a correspon-
dence between the surface-reflected electromagnetic wave
and the time (namely temporal waveform). The correspon-
dence between the substrate-surface-reflected electromag-
netic wave and the time and the correspondence between the
surface-reflected electromagnetic wave and the time are fed
to a peak time point acquisition unit 12;.

It should be noted that the surface-reflected electromag-
netic wave is the terahertz wave reflected by the surface of the
layer 1a as described in the first embodiment. In other words,
the surface-reflected electromagnetic wave is the electromag-
netic wave (terahertz wave) made incident to the object to be
measured 1, and is reflected by the surface of the object to be
measured 1.

The electromagnetic wave detector 4 detects the surface-
reflected electromagnetic wave as a voltage (or a power), for
example. A description will be given while it is assumed that
the electromagnetic wave detector 4 detects the surface-re-
flected electromagnetic wave (similarly to the substrate-sur-
face-reflected electromagnetic wave) as a voltage (electric
field) in this embodiment of the present invention.

FIG. 11 includes a diagram (refer to FIG. 11(a)) showing
the electromagnetic wave reflected by the object to be mea-
sured 1 having the two-layer structure according the third
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embodiment and the substrate 20, and a diagram (refer to FIG.
11(b)) showing timings when temporal waveforms of the
reflected electromagnetic waves take extreme values.

FIG. 12 is a functional block diagram showing a configu-
ration of the layer analysis device 10 according the third
embodiment. The layer analysis device 10 includes the
single-layer-film characteristic recording unit 12a, the mea-
surement condition input unit 1254, the quantitative model
deriving unit 12¢, the quantitative model recording unit
(thickness/amplitude characteristic recording unit) 12d, the
frequency component acquisition unit 12e, the film thickness
ratio deriving unit (thickness indication quantity deriving
unit) 12f; the error variation deriving unit 12g, the frequency
range determination unit 124, the peak time point acquisition
unit (extreme timing acquisition unit) 12/, a total film thick-
ness deriving unit (total thickness deriving unit) 124, and an
each-layer-thickness deriving unit (layer thickness deriving
unit) 12m. In the following section, like components are
denoted by like numerals as of the second embodiment, and
will be explained in no more details.

The single-layer-film characteristic recording unit 12a, the
measurement condition input unit 125, the quantitative model
deriving unit 12¢, the quantitative model recording unit
(thickness/amplitude characteristic recording unit) 12d, the
frequency component acquisition unit 12e, and the film thick-
ness ratio deriving unit (thickness indication quantity deriv-
ing unit) 12fare the same as those of the second embodiment,
and a description thereof is therefore omitted.

The peak time point acquisition unit 12; receives the tem-
poral waveforms (refer to FIG. 11(5)) of the surface-reflected
electromagnetic wave and the substrate-surface-reflected
electromagnetic wave detected by the electromagnetic wave
detector 4.

The peak time point acquisition unit (extreme value timing
acquisition unit) 12/ further acquires the timings t, and t, at
which the electric fields of the surface-reflected electromag-
netic wave and the substrate-surface-reflected electromag-
netic wave detected by the electromagnetic wave detector 4
take the extreme values.

On this occasion, referring to FIG. 11, the temporal wave-
form of the surface-reflected electromagnetic wave takes an
extreme value E, at the timing (time) t,. Moreover, the tem-
poral waveform of the substrate-surface-reflected electro-
magnetic wave takes the extreme value E, at the timing (time)
t,. Then, the peak time point acquisition unit 12 outputs the
timing to when the electric field of the surface-reflected elec-
tromagnetic wave takes the extreme value and the timing t,
when the electric field of the substrate-surface-reflected elec-
tromagnetic wave takes the extreme value.

The total film thickness deriving unit (total thickness deriv-
ing unit) 124 derives the thickness d of the object to be
measured 1 (total film thickness, namely the sum of the thick-
ness d,, of the layer 1a and the thickness d, of the layer 15)
from a time different At between the timings to and t, acquired
by the peak time point acquisition unit 12;.

It should be noted that the thickness d of the object to be
measured 1 is represented as d=cAt/(2n,) where ¢ denotes the
light speed if n, and n, are approximately equal to each other.

The each-layer-thickness deriving unit (layer thickness
deriving unit) 12m derives the thickness of at least any one of
the layers 1a and 15 of the object to be measured 1 based on
the thickness indication quantity (film thickness ratio r (=d,/
d)) derived by the film thickness ratio deriving unit (thickness
indication quantity deriving unit) 12f'and the thickness d of
the object to be measured 1 derived by the total film thickness
deriving unit (total thickness deriving unit) 124.
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For example, the each-layer-thickness deriving unit 12m
acquires the thickness d, of the layer 1a by multiplying the
thickness d of the object to be measured 1 by the thickness
ratio r. Moreover, the each-layer-thickness deriving unit 12m
acquires the thickness d, of the layer 15 by subtracting the
thickness d,, of the layer 1a from the thickness d of the object
to be measured 1.

It should be noted that the layer analysis device 10 accord-
ing to the third embodiment can operate without including the
error variation deriving unit 12g and the frequency range
determination unit 12/.

A description will now be given of an operation of the third
embodiment. It should be noted that a description is not given
of the same operation as that of the second embodiment.

First, the peak time point acquisition unit 12; receives the
temporal waveforms (refer to FIG. 11(5)) of the surface-
reflected electromagnetic wave and the substrate-surface-re-
flected electromagnetic wave detected by the electromagnetic
wave detector 4. It should be noted that a timing when the
peak time point acquisition unit 12; receives the temporal
waveforms may be before or after the frequency component
acquisition unit 12e acquires the temporal waveform of the
substrate-surface-reflected electromagnetic wave.

The timings t, and t, (refer to FIG. 11(5)) acquired by the
peak time point acquisition unit 12; are fed to the total film
thickness deriving unit 124, and the total film thickness deriv-
ing unit 12% derives the thickness (total film thickness) d of
the object to be measured 1. The thickness (total film thick-
ness) d of the object to be measured 1 is fed to the each-layer-
thickness deriving unit 12m.

An operation of the film thickness ratio deriving unit 12f
for deriving the film thickness ratio is the same as the opera-
tion in the second embodiment, and a description thereof is
therefore omitted.

The each-layer-thickness deriving unit 12m receives the
film thickness ratio r (=d,/d) from the film thickness ration
deriving unit 12f. The each-layer-thickness deriving unit 12m
acquires the thickness d, of the layer 1a and the thickness d,
of'the layer 156 from the film thickness ratio r (=d,/d) and the
thickness d of the object to be measured 1.

According to the third embodiment, even if the thickness d
of'the object to be measured 1 is not known, the thickness d of
the object to be measured 1 is derived, and then, at least any
one of the thickness d, of the layer 1a and the thickness d, of
the layer 15 can be acquired.

Moreover, the above-described embodiment may be real-
ized in the following manner. A computer may be provided
with a CPU, a hard disk, and a media (such as a floppy disk
(registered trade mark) and a CD-ROM) reader, and the media
reader is caused to read a medium recording a program real-
izing the above-described respective components such as the
layer analysis device 10, thereby installing the program on the
hard disk. This method may also realize the above-described
functions.

What is claimed is:

1. An electromagnetic wave measurement device compris-
ing:

an electromagnetic wave output device that outputs an

electromagnetic wave having a frequency between 0.01
THz and 100 THz toward an object to be measured
disposed on a substrate, the object to be measured
including at least two layers;

an electromagnetic wave detector that detects a substrate-

surface-reflected electromagnetic wave, which has been
made incident on the object to be measured, has been
reflected by the substrate, and has passed through the
object to be measured;
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afrequency component acquirer that acquires an amplitude
of a frequency component of the substrate-surface-re-
flected electromagnetic wave detected by the electro-
magnetic wave detector;

athickness/amplitude characteristic recorder that records a
relationship between a thickness indication quantity,
representing a thickness of at least one of the layers of
the object to be measured, and the amplitude of the
frequency component of the substrate-surface-reflected
electromagnetic wave; and

a thickness indication quantity deriver that derives the
thickness indication quantity, based on the amplitude of
the frequency component of the substrate-surface-re-
flected electromagnetic wave acquired by the frequency
component acquirer and the recorded content of the
thickness/amplitude characteristic recorder,

wherein the thickness indication quantity is a value
acquired by dividing the thickness of one of the layers by
a thickness of the object to be measured.

2. The electromagnetic wave measurement device accord-
ing to claim 1, wherein the recorded content of the thickness/
amplitude characteristic recorder is derived based on reflec-
tion and absorption of the electromagnetic wave in each of the
layers.

3. The electromagnetic wave measurement device accord-
ing to claim 1, wherein the recorded content of the thickness/
amplitude characteristic recorder is estimated from a mea-
sured value of the amplitude of the frequency component of
the substrate-surface-reflected electromagnetic wave associ-
ated with a known thickness indication quantity.

4. The electromagnetic wave measurement device accord-
ing to claim 1, wherein the substrate is a metal plate.

5. The electromagnetic wave measurement device accord-
ing to claim 1, comprising:

an error variation deriver that derives, from a measured
value of the amplitude of the frequency component of
the substrate-surface-reflected electromagnetic wave
associated with a known thickness indication quantity, a
variation of an error between a thickness indication
quantity acquired based on the recorded content of the
thickness/amplitude characteristic recorder and the
known thickness indication quantity for each of fre-
quency components; and

afrequency range determiner that determines a range of the
frequency of the amplitude of the frequency component
acquired by the frequency component acquirer based on
the derived result by the error variation deriver.

6. The electromagnetic wave measurement device accord-
ing to claim 1, wherein the electromagnetic wave detector
further detects a surface-reflected electromagnetic wave,
which is an electromagnetic wave that has been made incident
on the object to be measured and has been reflected by a
surface of the object to be measured, the electromagnetic
wave measurement device further comprising:

an extreme value timing acquirer that acquires timings
when electric fields of the substrate-surface-reflected
electromagnetic wave and the surface-reflected electro-
magnetic wave that have been detected by the electro-
magnetic wave detector take extreme values;

a total thickness deriver that derives a thickness of the
object to be measured from a time difference between
the timings acquired by the extreme value timing
acquirer; and

a layer thickness deriver that derives a thickness of at least
one of the layers of the object to be measured based on
the thickness indication quantity derived by the thick-
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ness indication quantity deriver and the thickness of the
object to be measured derived by the total thickness
deriver.

7. An electromagnetic wave measurement method com-

prising:

outputting an electromagnetic wave having a frequency
between 0.01 THz and 100 THz toward an object to be
measured disposed on a substrate, the object to be mea-
sured including at least two layers;

detecting a substrate-surface-reflected electromagnetic
wave, which has been made incident on the object to be
measured, has been reflected by the substrate, and has
passed through the object to be measured;

acquiring an amplitude of a frequency component of the
detected substrate-surface-reflected electromagnetic
wave,

recording a relationship between a thickness indication
quantity, representing a thickness of at least one of the
layers of the object to be measured, and the amplitude of
the frequency component of the substrate-surface-re-
flected electromagnetic wave; and

deriving the thickness indication quantity based on the
acquired amplitude of the frequency component of the
substrate-surface-reflected electromagnetic wave and
the recorded content in the recording,

wherein the thickness indication quantity is a value
acquired by dividing the thickness of one of the layers by
a thickness of the object to be measured.

8. An electromagnetic wave measurement device compris-

ing:

an electromagnetic wave output device that outputs an
electromagnetic wave having a frequency between 0.01
THz and 100 THz toward an object to be measured
disposed on a substrate, the object to be measured
including at least two layers;

an electromagnetic wave detector that detects a substrate-
surface-reflected electromagnetic wave, which has been
made incident on the object to be measured, has been
reflected by the substrate, and has passed through the
object to be measured;

a frequency component acquirer that acquires an amplitude
of a frequency component of the substrate-surface-re-
flected electromagnetic wave detected by the electro-
magnetic wave detector;

athickness/amplitude characteristic recorder that records a
relationship between a thickness indication quantity,
representing a thickness of at least one of the layers of
the object to be measured, and the amplitude of the
frequency component of the substrate-surface-reflected
electromagnetic wave; and

a thickness indication quantity deriver that derives the thick-
ness indication quantity, based on the amplitude of the fre-
quency component of the substrate-surface-reflected electro-
magnetic wave acquired by the frequency component
acquirer and the recorded content of the thickness/amplitude
characteristic recorder,

wherein the thickness indication quantity is a value
acquired by dividing the thickness of one of the layers by
the thickness of another layer of the layers.

9. An electromagnetic wave measurement method com-

prising:

outputting an electromagnetic wave having a frequency
between 0.01 THz and 100 THz toward an object to be
measured disposed on a substrate, the object to be mea-
sured including at least two layers;

detecting a substrate-surface-reflected electromagnetic
wave, which has been made incident on the object to be
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measured, has been reflected by the substrate, and has
passed through the object to be measured;

acquiring an amplitude of a frequency component of the
detected substrate-surface-reflected electromagnetic
wave,

recording a relationship between a thickness indication
quantity, representing a thickness of at least one of the
layers of the object to be measured, and the amplitude of
the frequency component of the substrate-surface-re-
flected electromagnetic wave; and

deriving the thickness indication quantity based on the
acquired amplitude of the frequency component of the
substrate-surface-reflected electromagnetic wave and
the recorded content in the recording,

wherein the thickness indication quantity is a value
acquired by dividing the thickness of one of the layers by
the thickness of another layer of the layers.
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